This study presents an experimental approach based on partial tooth meshing contact fatigue with constant amplitude and different lengths of load cycles. To achieve this, 20CrH helical gears were considered, limiting the region of interest to one-third of the tooth to accelerate crack initiation and propagation. Different factors, such as number of fatigue cycles, tooth flank morphology, residual stress, hardness, and microstructure evolution under fatigue, were considered. The ultimate goal was to relate these variations with the observed failure modes. The results showed that with increasing cycle number, the residual stress at the same position in the meshing zone of the tooth flank increased first and then decreased. The residual stress values at the lower position of the pitch circle were larger than that of the addendum and dedendum. After cyclic loading, the content of the twin martensite within the microstructure below the pitch circle decreased and the corresponding hardness value of the tooth flank was reduced. After long-term cyclic loading, the precipitated phases aggregated and grew and the discontinuous distribution hindered the grain boundary slip. The dislocation density increased, and the pile-up of dislocation resulted in stress concentration at the grain boundary and the phase boundary, which induced the initiation of fatigue crack of the tooth flank.
Introduction
Due to the advantages of meshing performance and long service life, helical gears have been widely applied in mechanical power transmission systems. Under high-speed and heavy-duty conditions, helical gears might incur contact fatigue failures, such as pitting and spalling due to insufficient tooth flank bearing capacity, offset load, or tooth profile error, etc. [1] [2] [3] [4] [5] , as well as incurring tooth breaking due to insufficient bending strength [6] . As such, it was necessary to combine machining processes and the heat treatment process of gears to complete basic research, including residual stress measurement, failure morphology analysis, and hardness and microstructure analysis, to provide theoretical and experimental bases for the failure analysis of contact fatigue tests and fatigue life prediction.
The existing research on gear residual stress mainly focuses on the effect of machining or the heat treatment process on the residual stress of the tooth flank and the effect of residual stress on fatigue. Rego et al. [7] studied the effect of shot peening, grinding, and heat treatment processes on the residual stress of gears in the machining of 16MnCr5 spur gears. Conrado et al. [8] [9] [10] [11] [12] 
Experiments

Tested Gears and Fatigue Analysis of Experimental Data
The test rig was a closed electric power streaming gear test machine (Taiyuan University of Technology Gear Research Institute, Taiyuan, China), as shown in Figure 1a ,b, which was designed and improved according to ISO 14635-1: 2000(E). Two sets of identical gear pairs were installed in gear box 1 and gear box 2, respectively. Gear box 1 was the main test box, and gear box 2 was the accompanying test box. Gear pairs installed in gear box 1 were considered as the objects to be studied. Considering the linear speed of gears during the meshing process, the rotary speed of the gears was 1200 rpm and the center distance of gears was 150 mm.
A counter was used to record the rotation number of the gears. The rotary speed and the torque of gears were respectively monitored online by rotary speed and torque sensors. A temperaturecontrolling device was used to control the temperature of the lubricating oil. The range of the speed and torque sensor was 2000 Nm and its accuracy was ±0.5%. The temperature sensor accuracy was ±0.5%. The lubricating oil used in this test was GL-4 85w90. The gears material was 20CrH, and the chemical composition is shown in Table 1 . After hobbing and shaving, as well as carburization at 915 °C, the depth of the hardened layer reached up to 0.8-1.2 mm. Then the gears were tempered at 170-200 °C. The machining accuracy of the gears was ISO 7 . In this test, the gear pair prototype was a transmission. The gear pair speed ratio was 27/34 and the module was 4.5 mm. Details of the gears are shown in Table 2 . The gear pair only needed minor modification to meet the center distance requirement of the test rig. This provided effective data for engineering applications. A counter was used to record the rotation number of the gears. The rotary speed and the torque of gears were respectively monitored online by rotary speed and torque sensors. A temperature-controlling device was used to control the temperature of the lubricating oil. The range of the speed and torque sensor was 2000 Nm and its accuracy was ±0.5%. The temperature sensor accuracy was ±0.5%. The lubricating oil used in this test was GL-4 85w90.
The gears material was 20CrH, and the chemical composition is shown in Table 1 . After hobbing and shaving, as well as carburization at 915 • C, the depth of the hardened layer reached up to 0.8-1.2 mm. Then the gears were tempered at 170-200 • C. The machining accuracy of the gears was ISO 7 . In this test, the gear pair prototype was a transmission. The gear pair speed ratio was 27/34 and the module was 4.5 mm. Details of the gears are shown in Table 2 . The gear pair only needed minor modification to meet the center distance requirement of the test rig. This provided effective data for engineering applications. The contact fatigue stress-number of cycles curve (S-N curve) of the gear material under the processes mentioned above was obtained using a gear fatigue test. According to the combination method with a few test points in GB/T14229-93, the selected test stress σ H (equivalent stress) values were 1400, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, and 2300 N/mm 2 , with a total of 10 stress levels, and four gear pairs were tested at each stress level. The criteria for gear contact fatigue failure were as follows. (1) When the pitting area of a single tooth reached 4% or the pitting area of gear pair reached 0.5%, the cycle was determined as the contact fatigue life; (2) When the cycles of the test gear N 0 satisfy N 0 ≥ 5 × 10 7 , and the pitting area does not reach the percentages in criteria (1), the test was stopped and the contact fatigue life was determined to be infinite. After the fatigue test, the S-N curve was obtained using the least squares method to fit the data, with a confidence level of 95% and reliability of 95%. The curve is shown in Figure 2 . The contact fatigue stress-number of cycles curve (S-N curve) of the gear material under the processes mentioned above was obtained using a gear fatigue test. According to the combination method with a few test points in GB/T14229-93, the selected test stress σH (equivalent stress) values were 1400, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, and 2300 N/mm 2 , with a total of 10 stress levels, and four gear pairs were tested at each stress level. The criteria for gear contact fatigue failure were as follows. (1) When the pitting area of a single tooth reached 4% or the pitting area of gear pair reached 0.5%, the cycle was determined as the contact fatigue life. (2) When the cycles of the test gear N0 satisfy N0 ≥ 5 × 10 7 , and the pitting area does not reach the percentages in criteria (1), the test was stopped and the contact fatigue life was determined to be infinite. After the fatigue test, the S-N curve was obtained using the least squares method to fit the data, with a confidence level of 95% and reliability of 95%. The curve is shown in Figure 2 . One-third of the tooth width meshing fatigue test was conducted, as shown in Figure 3 . This fatigue test amplifies the magnitude of stresses developed in the tooth flank under the same input torque, so that contact fatigue failure of the meshing tooth flanks would appear faster than entire tooth width meshing. In this paper, the contact stress of the tooth surface was computed using transient dynamic analysis, which is a finite element method (FEM) in ANSYS Mechanical. The purpose was to provide the basis for determining and predicting the contact fatigue failure of the tooth surface by analyzing the position of the dangerous section of the tooth surface. Five constraints were imposed on the driving wheel, restricting the moving degree of freedom (DOF) along the X, Y, Z axes and the rotational DOF of X, Y axes. The rotational DOF of the Z axis was retained, and the axis of the gear was parallel to the Z axis. The same constraints were applied to the driven wheel, and the rotational DOF of the Z axis of the driven gear was maintained. The contact constraint was applied to the meshing surfaces of the two gears. The hole of the driving gear was applied at a speed of 1200 rpm and the hole of the driven gear was applied with a torque of −1500 Nm (Figure 4a) . The meshing is shown in Figure 4b . One-third of the tooth width meshing fatigue test was conducted, as shown in Figure 3 . This fatigue test amplifies the magnitude of stresses developed in the tooth flank under the same input torque, so that contact fatigue failure of the meshing tooth flanks would appear faster than entire tooth width meshing. In this paper, the contact stress of the tooth surface was computed using transient dynamic analysis, which is a finite element method (FEM) in ANSYS Mechanical. The purpose was to provide the basis for determining and predicting the contact fatigue failure of the tooth surface by analyzing the position of the dangerous section of the tooth surface. Five constraints were imposed on the driving wheel, restricting the moving degree of freedom (DOF) along the X, Y, Z axes and the rotational DOF of X, Y axes. The rotational DOF of the Z axis was retained, and the axis of the gear was parallel to the Z axis. The same constraints were applied to the driven wheel, and the rotational DOF of the Z axis of the driven gear was maintained. The contact constraint was applied to the meshing surfaces of the two gears. The hole of the driving gear was applied at a speed of 1200 rpm and the hole of the driven gear was applied with a torque of −1500 Nm (Figure 4a) . The meshing is shown in Figure 4b . Because the main analysis object was the contact condition of the teeth surface, the mesh was Because the main analysis object was the contact condition of the teeth surface, the mesh was only refined on the tooth surface of several contact teeth. The element used in models for the gear teeth was solid187, which is a tetrahedral element that contains 10 nodes in each element. The element Because the main analysis object was the contact condition of the teeth surface, the mesh was only refined on the tooth surface of several contact teeth. The element used in models for the gear teeth was solid187, which is a tetrahedral element that contains 10 nodes in each element. The element used for the gear spoke was solid186, which is a hexahedral element that contains 20 nodes in each element. The driving gear model contained 131,255 nodes and 52,879 elements. The driven gear model contained 146,826 nodes and 55,800 elements. Each node only had moving DOF along the directions of the X, Y, and Z axes. The equivalent stress nephograms are shown in Figure 5a ,b. In Figure 5 , the critical meshing zone is the pitch circle zone near the transverse of the gear. The maximum equivalent stress computed by FEM was about 2000 MPa at points A and B. According to the S-N curve, the designed fatigue life of one-third of the tooth width meshing test was 3.3 × 10 6 cycles. Figure 5a ,b. In Figure 5 , the critical meshing zone is the pitch circle zone near the transverse of the gear. The maximum equivalent stress computed by FEM was about 2000 MPa at points A and B. According to the S-N curve, the designed fatigue life of one-third of the tooth width meshing test was 3.3 × 10 6 cycles. Three groups of test gears and one group of gears without cyclic loading were set. The details of the experimental tests are provided in Table 3 . Identical loading (1500 Nm, 1200 rpm), temperature (60-80 °C), and lubrication conditions were used in all test groups. Test groups were under 10 6 , 3.3 × 10 6 , and 5.0 × 10 6 cyclic loading. Our inspection was carried out at half-hour intervals during the testing. Three groups of test gears and one group of gears without cyclic loading were set. The details of the experimental tests are provided in Table 3 . Identical loading (1500 Nm, 1200 rpm), temperature (60-80 • C), and lubrication conditions were used in all test groups. Test groups were under 10 6 , 3.3 × 10 6 , and 5.0 × 10 6 cyclic loading. Our inspection was carried out at half-hour intervals during the testing. 
Morphology and Measurement of Residual Stress
The representative single tooth was cut by a wire cutting machine after cyclic loading. The morphology of the tooth flank was observed using a Digital 'Microscope VHX-2000c (KEYENCE, Osaka, Jalan). The meshing zone of the tooth flank was meshed (Figure 6a) . The H lines were always parallel to the axis of the gear, and the V lines were always parallel to the transverse profile. The spacing between lines was 1 mm, and the pitch circle was line H5. The residual stress values at intersecting points of mesh on the tooth flank were measured with an X-ray diffraction system. The sin 2 ψ value used for fitting was tested in the seven directions of positive and negative ψ, which is the angle between the normal line of the specimen and the normal line of the diffraction crystal. The diameter of the optical grating used was 1 mm. We attempted to ensure that the tooth flank was perpendicular to the instrument probe when we installed the test sample. After measurement, 96 data points measured on each tooth flank were fitted to the residual stress nephogram using the four-grid spline function interpolation method in MATLAB. Then the residual stress values on H5, V2, and V7 lines of the four driven gears were compared to determine the relationship between the changing law of residual stress and fatigue failure. 
The representative single tooth was cut by a wire cutting machine after cyclic loading. The morphology of the tooth flank was observed using a Digital `Microscope VHX-2000c (KEYENCE, Osaka, Jalan). The meshing zone of the tooth flank was meshed (Figure 6a ). The H lines were always parallel to the axis of the gear, and the V lines were always parallel to the transverse profile. The spacing between lines was 1 mm, and the pitch circle was line H5. The residual stress values at intersecting points of mesh on the tooth flank were measured with an X-ray diffraction system. The sin 2 ψ value used for fitting was tested in the seven directions of positive and negative ψ, which is the angle between the normal line of the specimen and the normal line of the diffraction crystal. The diameter of the optical grating used was 1 mm. We attempted to ensure that the tooth flank was perpendicular to the instrument probe when we installed the test sample. After measurement, 96 data points measured on each tooth flank were fitted to the residual stress nephogram using the four-grid spline function interpolation method in MATLAB. Then the residual stress values on H5, V2, and V7 lines of the four driven gears were compared to determine the relationship between the changing law of residual stress and fatigue failure. 
Hardness Measurement
The representative gear teeth selected above were cut from line V2 along the plane parallel to gear transverse. Abrasive papers (400#, 800#, 1000#, and 2000#) were used to grind the cross-section surface, and then mechanical polishing was carried out. We selected the points on the tooth flanks: (V2, H4), (V2, H5), (V2, H6), and (V2, H8), and then the hardness values of points of L1, 2, 3, and 4 were measured using a Nano Indenter G200 (KLA-Tencor, Milpitas CA, USA) ( Figure 6b ). From the tooth flank to a depth of 1.5 mm, hardness at control locations was spaced every 0.15 mm, and from a 1.5-mm depth to the core of the teeth, hardness was measured every 0.50 mm. 
The representative gear teeth selected above were cut from line V2 along the plane parallel to gear transverse. Abrasive papers (400#, 800#, 1000#, and 2000#) were used to grind the cross-section surface, and then mechanical polishing was carried out. We selected the points on the tooth flanks: (V2, H4), (V2, H5), (V2, H6), and (V2, H8), and then the hardness values of points of L1, 2, 3, and 4 were measured using a Nano Indenter G200 (KLA-Tencor, Milpitas CA, USA) ( Figure 6b ). From the tooth flank to a depth of 1.5 mm, hardness at control locations was spaced every 0.15 mm, and from a 1.5-mm depth to the core of the teeth, hardness was measured every 0.50 mm.
Microstructure Sample Preparation
The cross-section surfaces of the samples mentioned above were ground by abrasive 2000#, and then mechanical polishing was carried out. After that, the cross-section surface was corroded with 4% nitric acid alcohol solution for 4 s and washed with absolute ethanol, and the surface was dried using a dryer. The microstructure of the samples was observed using a Zeiss SEM microscope (Zeiss, Obbo Cohen, Germany).
Slices with a thickness of 0.5 mm were cut from the zone near point (V3, H5) without failure on the tooth flank of gears 2-2 and 4-2. The sampling position was 0.1 mm under the surface. The cutting position is shown in Figure 7a and the schematic diagram of slices is shown in Figure 7b . Slices were ground to 70 µm and then thin discs were cut from the slices. These thin discs served as TEM samples after having been thinned by two-jet thinning processes. The microstructure of the samples was observed by means of a JEM-F200 TEM microscope (JEOL, Tokyo, Japan). 
Slices with a thickness of 0.5 mm were cut from the zone near point (V3, H5) without failure on the tooth flank of gears 2-2 and 4-2. The sampling position was 0.1 mm under the surface. The cutting position is shown in Figure 7a and the schematic diagram of slices is shown in Figure 7b . Slices were ground to 70 μm and then thin discs were cut from the slices. These thin discs served as TEM samples after having been thinned by two-jet thinning processes. The microstructure of the samples was observed by means of a JEM-F200 TEM microscope (JEOL, Tokyo, Japan). 
Results and Discussion
Analysis of Morphology
The cut representative teeth are shown in Figure 8 , without cyclic loading for gear 1-2 ( Figure  8a ). Gear 2-2 had no teeth failure (Figure 8b ). In the third test group, gear 3-1 did not fail, and gear 3-2 had a 1.5 × 4 mm spalling near the point (V8, H5) close to the pitch circle of the transverse ( Figure  8c ). No failure occurred on the gear 4-1 tooth flank; there was a large zone of continuous cracking spalling near the transverse of gear 4-2 ( Figure 8d ). The maximum depth of the spalling was 0.72 mm. This spalling usually had the characteristics of a sharp edge profile and irregular edge shape.
The tooth of gear 2-2 was observed with a digital microscope. Under 10 6 cyclic loading, a bright fatigue striation was formed on the lower side of the pitch circle. This indicated that in the early stage of meshing, the effective contact zone of the tooth flank increased with increasing number of cycles, and gear meshing condition was good. It should be noted that a small amount of pitting formed in the fatigue striation zone around point (V7, H6) in this stage (Figure 9a) . Diameters of the small pits were less than 50 μm, and pit depths were less than 10 μm. This is related to the intrusion of lubricating oil into surface cracks, and fluid pressure forced cracks to develop into pitting. In Figure  9a , a large amount of small pits were formed in the upper left corner (V7, H4) farther from the pitch circle. The reason for this was that the relative sliding speed of the zone farther from the pitch circle was large, and the friction coefficient was large because of the poor lubricating condition caused by the large linear velocity. After cyclic alternating loading, tangential instability lodging of the small bulges created during the machining process occurred. Small bulges peeled off after repeated bending. The spalling of small bulges was also clearly observed in the tooth addendum (Figure 9b) . Under 3.3 × 10 6 cyclic loading, the edge of the spalling on the tooth flank of gear 3-2 was observed (Figure 10a) , and a large amount of conchoidal shallow spalling with a diameter of less than 0.5 mm 
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away from the edge of the large spalling at the transverse, we found that there were a large number of aggregated granular objects with a diameter of 3-6 μm in the spalling pit (Figure 10c ). This might have been caused by the mismatch between the plastic formation process and the subsequent heat treatment process. In addition, at the zone 0.3-0.8 mm away from the spalling at the transverse, a large amount of micro-cracks 0.3 mm in length and less than 0.02 mm in depth appeared. Continuous spallings on the boundary of the tooth meshing zone were observed in the teeth in the vicinity of the cut tooth of gear 4-2 ( Figure 11 ). This further indicated that the spalling began at the pitch point of the transverse, which might have been due to the insufficient bearing capacity of the transverse profile caused by the machining marks on the transverse. Under the effect of variable Under 3.3 × 10 6 cyclic loading, the edge of the spalling on the tooth flank of gear 3-2 was observed (Figure 10a) , and a large amount of conchoidal shallow spalling with a diameter of less than 0.5 mm and depth of less than 0.2 mm appeared at the zone 0.4-2 mm from the transverse. Using a digital microscope to further observe the spalling 0.6 mm away from the edge of the large spalling at the transverse, we found that there were a large number of aggregated granular objects with a diameter of 3-6 µm in the spalling pit (Figure 10c ). This might have been caused by the mismatch between the plastic formation process and the subsequent heat treatment process. In addition, at the zone 0.3-0.8 mm away from the spalling at the transverse, a large amount of micro-cracks 0.3 mm in length and less than 0.02 mm in depth appeared.
loading, a number of fatigue crack sources in the circumferential direction formed; the connection of fatigue cracks could cause spalling. Meanwhile, as observed in Figure 8d , the edge of the spalling was sharp and the spalling pit was stepped. This occurred because the carburizing process of the gear increased the brittleness of the material and accelerated the crack propagation. With the increase in the single tooth spalling zone, uneven loading impact on the gear might have been caused. Due to this, the tooth flank spalling gradually occurred near the gear transverse. Then, observing the indentation-type spalling boundary near the pitch circle of the cut tooth of gear 4-2, a large number of cracks with lengths of approximately 100-600 μm appeared at a distance of 0.2 mm (V6, H8) from the edge of the shallow spalling (Figure 12a ). The zone near point (V5, H5) showed a stepped layer spalling (Figures 8d and 12b) . We observed that the surface layer was crushed Continuous spallings on the boundary of the tooth meshing zone were observed in the teeth in the vicinity of the cut tooth of gear 4-2 ( Figure 11 ). This further indicated that the spalling began at the pitch point of the transverse, which might have been due to the insufficient bearing capacity of the transverse profile caused by the machining marks on the transverse. Under the effect of variable loading, a number of fatigue crack sources in the circumferential direction formed; the connection of fatigue cracks could cause spalling. Meanwhile, as observed in Figure 8d , the edge of the spalling was sharp and the spalling pit was stepped. This occurred because the carburizing process of the gear increased the brittleness of the material and accelerated the crack propagation. With the increase in the single tooth spalling zone, uneven loading impact on the gear might have been caused. Due to this, the tooth flank spalling gradually occurred near the gear transverse.
Then, observing the indentation-type spalling boundary near the pitch circle of the cut tooth of gear 4-2, a large number of cracks with lengths of approximately 100-600 µm appeared at a distance of 0.2 mm (V6, H8) from the edge of the shallow spalling (Figure 12a ). The zone near point (V5, H5) showed a stepped layer spalling (Figures 8d and 12b) . We observed that the surface layer was crushed and separated. The depth of step 1 was about 0.3 mm, and the depth of step 2 was about 0.6 mm. According to Hertz's theory, the failure form belonged to typical spalling caused by the initiation of cracking in the transition zone of the hardened layer, and multi-layer spalling was caused by continued cyclic loading after failure. Then, observing the indentation-type spalling boundary near the pitch circle of the cut tooth of gear 4-2, a large number of cracks with lengths of approximately 100-600 μm appeared at a distance of 0.2 mm (V6, H8) from the edge of the shallow spalling (Figure 12a ). The zone near point (V5, H5) showed a stepped layer spalling (Figures 8d and 12b) . We observed that the surface layer was crushed and separated. The depth of step 1 was about 0.3 mm, and the depth of step 2 was about 0.6 mm. According to Hertz's theory, the failure form belonged to typical spalling caused by the initiation of cracking in the transition zone of the hardened layer, and multi-layer spalling was caused by continued cyclic loading after failure. 
Residual Stress Analysis
Both normal and shear stresses were measured in this study, but we actually focused our analyses on normal stresses. The residual stress distribution on the one-third contact tooth flank of gear 1-2 without loading was observed (Figure 13a ). The carburized zone covered the tooth flank area from the addendum to the addendum-dedendum transition zone, and the average residual compressive stress value was −593.1 MPa. Also, there were no obvious changes in the residual compressive stress in the zone near the addendum and the pitch circle. This indicated that the carburizing process would contribute to forming uniform residual compressive stress on the tooth flank. In addition, due to the hobbing and shaving processes, a micro-deformation zone arose on the tooth flank, and the tensile and compressive stresses in the zone increased. Thus, this led to residual stress error in the measurement. There were small fluctuations in the residual compressive stress of the tooth flank in the carburizing hardening zone (Figure 13a ). The shot peening process was not adopted to strengthen the dedendum of gear. Therefore, compared with the tooth flank, the residual compressive stress at the dedendum line H12 was smaller, and the average residual compressive stress value was −369.3 MPa.
The tooth flank of gear 2-2 was in a normal wear stage (Figure 8b ) after 10 6 cyclic loading. In Figure 13b , the residual compressive stress in the meshing zone, except for line H1, was obviously larger than that of the unloaded gear. This occurred because, in the early period of cyclic loading, the tooth flank had micro plastic deformation under the low-cycle alternating circulation contact stress, which then produced cold-work hardening. Also, the contact fatigue strength of the tooth flank further increased and the residual compressive stress improved. The residual compressive stress values at line H5 and line H6 below the pitch circle were obviously higher than those of the other zones of the tooth flank, and the average value was −782.0 MPa. The reason for this was that the 
Both normal and shear stresses were measured in this study, but we actually focused our analyses on normal stresses. The residual stress distribution on the one-third contact tooth flank of gear 1-2 without loading was observed (Figure 13a ). The carburized zone covered the tooth flank area from the addendum to the addendum-dedendum transition zone, and the average residual compressive stress value was −593.1 MPa. Also, there were no obvious changes in the residual compressive stress in the zone near the addendum and the pitch circle. This indicated that the carburizing process would contribute to forming uniform residual compressive stress on the tooth flank. In addition, due to the hobbing and shaving processes, a micro-deformation zone arose on the tooth flank, and the tensile and compressive stresses in the zone increased. Thus, this led to residual stress error in the measurement. There were small fluctuations in the residual compressive stress of the tooth flank in the carburizing hardening zone (Figure 13a ). The shot peening process was not adopted to strengthen the dedendum of gear. Therefore, compared with the tooth flank, the residual compressive stress at the dedendum line H12 was smaller, and the average residual compressive stress value was −369.3 MPa. line H6 were reduced by 7.6% with respect to gear 1-2, and by 29.0% compared with gear 2-2 ( Figure  13a-c) . This indicated that the aggregation of the pitting in the zone resulted in residual compressive stress relaxation. In addition, the residual compressive stress value 1 mm away from the edge of the spalling was larger than that farther away from the spalling. The residual compressive stress value of the dedendum of gear 3-2 was lower than that of gear 2-2, and its average residual compressive stress value decreased to −138.7 MPa. After 5.0 × 10 6 cyclic loading, the residual stress distribution of the meshing zone of gear 4-2 was fitted (Figure 13d ). The residual compressive stress of the tooth flank fluctuated in the zone from lines V5 to V8 and from lines H5 to H8. That zone was the spalling on the tooth flank. The average value of the residual compressive stress on the tooth flank outside the spalling zone was lower than that of gear 2-2. The average residual compressive stress value of the dedendum line H12 of gear 4-2 was −138.6 MPa.
Variation in the residual compression stresses in the contact fatigue process was further analyzed, as shown in Figure 14 .
For the pitch circle H5 of gear 1-2, residual stress varied between −640 and −540 MPa. This indicated that although carburization enabled the tooth flank to obtain better contact strength, the tooth flank still had a large residual compressive stress value because there was no grinding process after carburization. For 1.0 × 10 6 cycles, the residual stresses in pitch circle H5 of gear 2-2 were higher than those of gear 1-2 but the two distributions showed the same trend. The residual compressive stress value gradually decreased along the direction from the meshing boundary to the transverse profile. Because the contact stress value of the pitch circle near the transverse was large, the smaller residual compressive stress could avoid contact fatigue failure in the early period of cyclic loading. For 3.3 × 10 6 cycles, diffuse pitting occurred near the pitch circle H5 of gear 3-2 (Figure 10b) , thus relaxing the residual compressive stress that dropped between −610 and −490 MPa. For 5.0 × 10 6 cycles, a spalling near the 4-2 gear transverse was observed (Figure 12b ), covering about half the pitch The tooth flank of gear 2-2 was in a normal wear stage (Figure 8b ) after 10 6 cyclic loading. In Figure 13b , the residual compressive stress in the meshing zone, except for line H1, was obviously larger than that of the unloaded gear. This occurred because, in the early period of cyclic loading, the tooth flank had micro plastic deformation under the low-cycle alternating circulation contact stress, which then produced cold-work hardening. Also, the contact fatigue strength of the tooth flank further increased and the residual compressive stress improved. The residual compressive stress values at line H5 and line H6 below the pitch circle were obviously higher than those of the other zones of the tooth flank, and the average value was −782.0 MPa. The reason for this was that the contact stress in this zone was larger than the others, and the effect of cold-work hardening was more apparent than the others. Comparing gear 1-2 with gear 2-2, the residual compressive stress at the dedendum line H12 decreased from −369.3 MPa to −285.5 MPa (Figure 13a,b, respectively) . This indicates that the superimposed bending fatigue stress surpassed the cyclic yield strength of the material, and residual compressive stress relaxation appeared near the dedendum line H12.
The gear failure mode after 3.3 × 10 6 cyclic loading is shown in Figure 8c . The residual stress fitting flank of the meshing zone is shown in Figure 13c . Comparing the residual stress value of gear 3-2 with those of the other gears, the residual compressive stress values at pitch circle H5 and line H6 were lower than the others. Also, the average residual compressive stress value of pitch circle H5 and line H6 were reduced by 7.6% with respect to gear 1-2, and by 29.0% compared with gear 2-2 (Figure 13a-c) . This indicated that the aggregation of the pitting in the zone resulted in residual compressive stress relaxation. In addition, the residual compressive stress value 1 mm away from the edge of the spalling was larger than that farther away from the spalling. The residual compressive stress value of the dedendum of gear 3-2 was lower than that of gear 2-2, and its average residual compressive stress value decreased to −138.7 MPa. After 5.0 × 10 6 cyclic loading, the residual stress distribution of the meshing zone of gear 4-2 was fitted (Figure 13d ). The residual compressive stress of the tooth flank fluctuated in the zone from lines V5 to V8 and from lines H5 to H8. That zone was the spalling on the tooth flank. The average value of the residual compressive stress on the tooth flank outside the spalling zone was lower than that of gear 2-2. The average residual compressive stress value of the dedendum line H12 of gear 4-2 was −138.6 MPa.
For the pitch circle H5 of gear 1-2, residual stress varied between −640 and −540 MPa. This indicated that although carburization enabled the tooth flank to obtain better contact strength, the tooth flank still had a large residual compressive stress value because there was no grinding process after carburization. For 1.0 × 10 6 cycles, the residual stresses in pitch circle H5 of gear 2-2 were higher than those of gear 1-2 but the two distributions showed the same trend. The residual compressive stress value gradually decreased along the direction from the meshing boundary to the transverse profile. Because the contact stress value of the pitch circle near the transverse was large, the smaller residual compressive stress could avoid contact fatigue failure in the early period of cyclic loading. For 3.3 × 10 6 cycles, diffuse pitting occurred near the pitch circle H5 of gear 3-2 (Figure 10b) , thus relaxing the residual compressive stress that dropped between −610 and −490 MPa. For 5.0 × 10 6 cycles, a spalling near the 4-2 gear transverse was observed (Figure 12b ), covering about half the pitch circle in the meshing zone. Reduction in the contact area caused residual stress to increase significantly. It appears that residual compressive stress accumulated as loading cycles progressed below the design life. Residual stress relaxed as soon as micro-cracks and pitting occurred and developed in the flank and near-flank regions. Beyond fatigue life, the pitch circle near the transverse deformed plastically. Severe tooth flank spalling yielded higher residual compressive stress in the pitch circle of the tooth flank. The distribution of the compressive residual stress along the tooth profile was also analyzed. Figure 15 shows the corresponding curves for lines V2 and V7, parallel to the transverse section of the tooth. Points 1-9 occur in the meshing zone and points 10-12 occur in the dedendum zone. The distribution of the compressive residual stress along the tooth profile was also analyzed. Figure 15 shows the corresponding curves for lines V2 and V7, parallel to the transverse section of the tooth. Points 1-9 occur in the meshing zone and points 10-12 occur in the dedendum zone. The residual compressive stress of line V2 showed a convex distribution with higher values in the central part (Figure 15a ). The residual compressive stress value at points 4-6 near the pitch circle was the highest, and it gradually decreased to the lowest at points 11-12 near the dedendum. Similar distributions were obtained for line V7 (Figure 15b ). Comparing Figure 15b with Figure 15a , the maximum residual compressive stress transferred to points 6-8, the lower side of the pitch circle. This indicated that the meshing line experienced the maximum contact stress, which led to the most obvious accumulative cycle of the residual compressive stress. The residual compressive stress of line V2 showed a convex distribution with higher values in the central part (Figure 15a ). The residual compressive stress value at points 4-6 near the pitch circle was the highest, and it gradually decreased to the lowest at points 11-12 near the dedendum. Similar distributions were obtained for line V7 (Figure 15b ). Comparing Figure 15b with Figure 15a , the maximum residual compressive stress transferred to points 6-8, the lower side of the pitch circle. This indicated that the meshing line experienced the maximum contact stress, which led to the most obvious accumulative cycle of the residual compressive stress. Figure 16a presents the hardness distribution measured along the inner normal direction at point (V2, H5) of gears 2-2, 3-2, and 4-2. Hardness gradually decreased from the tooth flank to the core. Combined with the depth of the carburized layer, the shallow surface layer from the surface to a 0.3-mm depth was analyzed. Below 10 6 cycles, hardness was rather constant along the inner normal direction and reached, on average, 970 HV. With the increase in the cycle number, the hardness value of the surface hardened layer increased first and then decreased, and decreased along the inner normal direction. In addition, the hardness value of the hardened layer of the tooth flank increased at 10 6 cycles. Comparing the hardness of the tooth flank at lower cycle numbers, the hardness value of the hardened layer of the tooth flank was lower for 3.3 × 10 6 cycles and 5.0 × 10 6 cycles. This indicated that the long-term meshing decreased the hardness of the tooth flank, which would likely accelerate the contact fatigue failure of the gear. Subsequently, the hardness value decreased significantly from a depth of 0.3 mm to 1.2 mm of the carburized layer. From a 1.2-mm depth to the core, the hardness decreased slowly.
Micro-Hardness
In Figure 16b , after 10 6 cycles, the hardness values on L3 were higher than those measured on L1, 2, and 4. Since contact stress on line H6 below the pitch circle was highest on the tooth flank, the hardness enhancement was more significant for L3 and the inner normal of intersection (V2, H6) in the early part of the fatigue progress. The hardness value of L2 and the inner normal of the intersection (V2, H5) were the second largest-slightly lower than that of L3. The hardness value of L4 and the inner normal of intersection (V2, H8) were the lowest. normal direction. In addition, the hardness value of the hardened layer of the tooth flank increased at 10 6 cycles. Comparing the hardness of the tooth flank at lower cycle numbers, the hardness value of the hardened layer of the tooth flank was lower for 3.3 × 10 6 cycles and 5.0 × 10 6 cycles. This indicated that the long-term meshing decreased the hardness of the tooth flank, which would likely accelerate the contact fatigue failure of the gear. Subsequently, the hardness value decreased significantly from a depth of 0.3 mm to 1.2 mm of the carburized layer. From a 1.2-mm depth to the core, the hardness decreased slowly. In Figure 16b , after 10 6 cycles, the hardness values on L3 were higher than those measured on L1, 2, and 4. Since contact stress on line H6 below the pitch circle was highest on the tooth flank, the hardness enhancement was more significant for L3 and the inner normal of intersection (V2, H6) in the early part of the fatigue progress. The hardness value of L2 and the inner normal of the intersection (V2, H5) were the second largest-slightly lower than that of L3. The hardness value of L4 and the inner normal of intersection (V2, H8) were the lowest. 
Microstructure
The microstructure near the pitch circle on the tooth flank of gear 4-2 was observed (Figure 17a ), distributing a large amount of acicular martensite and a small amount of retained austenite. A flake is about to peel off at the pitch circle of the tooth flank. The initial crack began to expand inward, which could lead to the appearance of spalling. With the mutual expansion of some parallel microcracks on the subsurface layer, and with the contact internal compressive stress surpassing the critical value, due to the anisotropy of the material, tearing from the inside to the outside under the effect of cyclic loading led to this spalling formation. There was a small amount of micro-cracks inside the hardened layer located at point (V2, H2) above the pitch circle. Compared with the microstructure at the pitch circle, acicular martensite content increased (Figure 17b ) and martensite content decreased at point (V2, H6) below the pitch circle. Lubricating oil was pressed into the micro-cracks, and a high- 
The microstructure near the pitch circle on the tooth flank of gear 4-2 was observed (Figure 17a) , distributing a large amount of acicular martensite and a small amount of retained austenite. A flake is about to peel off at the pitch circle of the tooth flank. The initial crack began to expand inward, which could lead to the appearance of spalling. With the mutual expansion of some parallel micro-cracks on the subsurface layer, and with the contact internal compressive stress surpassing the critical value, due to the anisotropy of the material, tearing from the inside to the outside under the effect of cyclic loading led to this spalling formation. There was a small amount of micro-cracks inside the hardened layer located at point (V2, H2) above the pitch circle. Compared with the microstructure at the pitch circle, acicular martensite content increased (Figure 17b ) and martensite content decreased at point (V2, H6) below the pitch circle. Lubricating oil was pressed into the micro-cracks, and a high-pressure chamber was formed, causing the cracks to expand and connect and thus leading to spalling (Figure 17c) .
The micro-morphology of the tooth flank near the pitch circle of gear 1-2 was observed (Figure 18a ). Compared with gear 4-2, the surface was relatively flat and there were no micro-cracks on the surface, but the content of martensite in the microstructure was the greatest. The core microstructure was composed of lath martensite, retained austenite, and cementite, and the content of martensite was obviously less than that of the tooth flank (Figure 18b ). This proves that the carburized layer had a more acicular martensite, thereby increasing the surface hardness, and the surface could withstand greater contact stress. This improved the contact fatigue strength to reduce tooth flank failure.
The transmission microstructure near the pitch circle of the tooth meshing zone of gear 2-2 after 10 6 cycles loading was observed, and a large amount of twin martensite was distributed inside the microstructure (Figure 19a ). The uniform distribution of the banding precipitated phases inside the microstructure, increasing the hardness value of the tooth flank (Figure 19b ). In addition, there was a small number of dislocations within the microstructure (Figure 19c) .
The transmission microstructure near the pitch circle of the tooth flank of gear 4-2 after 3.3 × 10 6 cycles was observed (Figure 20a ). Compared with gear 2-2, the content of twin martensite inside the microstructure was lower. The corresponding hardness value of the tooth flank decreased, and the tooth flank of gear 4-2 was prone to fail under cyclic loading. After long-term cyclic loading, the precipitates aggregated and grew (Figure 20b ). The discontinuous distribution hindered the grain boundary slip. The dislocation density increased, and the pile-up of dislocation resulted in stress concentration at the grain boundary and the phase boundary, which induced the initiation of fatigue cracks of the tooth flank.
greater contact stress. This improved the contact fatigue strength to reduce tooth flank failure.
The transmission microstructure near the pitch circle of the tooth meshing zone of gear 2-2 after 10 6 cycles loading was observed, and a large amount of twin martensite was distributed inside the microstructure (Figure 19a) . The uniform distribution of the banding precipitated phases inside the microstructure, increasing the hardness value of the tooth flank (Figure 19b ). In addition, there was a small number of dislocations within the microstructure (Figure 19c ). The transmission microstructure near the pitch circle of the tooth flank of gear 4-2 after 3.3 × 10 6 cycles was observed (Figure 20a ). Compared with gear 2-2, the content of twin martensite inside the microstructure was lower. The corresponding hardness value of the tooth flank decreased, and the tooth flank of gear 4-2 was prone to fail under cyclic loading. After long-term cyclic loading, the precipitates aggregated and grew (Figure 20b ). The discontinuous distribution hindered the grain boundary slip. The dislocation density increased, and the pile-up of dislocation resulted in stress concentration at the grain boundary and the phase boundary, which induced the initiation of fatigue cracks of the tooth flank. 
Conclusions
The morphology, residual stress, hardness, and microstructure evolution in helical gears under fatigue loads after different numbers of cycles were studied using the non-entire tooth meshing contact fatigue test. The following conclusions were derived:
(1) Residual compressive stress accumulated as the number of fatigue cycles increased. Beyond a certain limit of cycles, stress relaxed with the appearance of micro-cracks and pitting in the flank and the near flank of the tooth. Local plastic deformations appeared at the pitch circle zone. If spalling was severe, residual compressive stress increased at the pitch circle zone of the tooth flank. (2) As cycle number increased, the hardness of the surface hardened layer increased first and then decreased, also decreasing along the inner normal direction. The hardness value of the hardened layer of the tooth flank increased under low cyclic loading. For example, the hardness value of the hardened layer of the tooth flank decreased under high cyclic loading. In the long-term tests, 
(1) Residual compressive stress accumulated as the number of fatigue cycles increased. Beyond a certain limit of cycles, stress relaxed with the appearance of micro-cracks and pitting in the flank and the near flank of the tooth. Local plastic deformations appeared at the pitch circle zone. If spalling was severe, residual compressive stress increased at the pitch circle zone of the tooth flank. (2) As cycle number increased, the hardness of the surface hardened layer increased first and then decreased, also decreasing along the inner normal direction. The hardness value of the hardened layer of the tooth flank increased under low cyclic loading. For example, the hardness value of the hardened layer of the tooth flank decreased under high cyclic loading. In the long-term tests, the hardness of the tooth flank decreased, thus accelerating fatigue failure. (3) The higher content of acicular martensite in the carburized layer allowed the surface to withstand higher contact stresses without the risk of tooth flank failure. (4) After cyclic loading, the content of twin martensite in the gear pitch circle decreased together with the hardness of the tooth flank. Long-term cyclic loading led to aggregation, growth, and discontinuous distribution of the precipitated phase, hindering the sliding of the grain boundary. Dislocation density increased and pile-up of dislocations resulted in stress concentration at the grain boundary and the phase boundary, which induced the initiation of fatigue cracks in the tooth flank.
